Abstract The presence of ophicalcites in serpentinized peridotites together with fragments of these rocks in Cretaceous breccias along several North-Pyrenean basins led to the interpretation of complete mantle exhumation to the seafloor. The westernmost outcrop of peridotites in the Pyrenean-Cantabrian belt is located in Ziga (eastern Basque-Cantabrian Basin), associated to a band of HT metamorphism related to the Leiza fault (Marble Unit). We present a petrological and geochemical study of the marbles and Ziga peridotite-hosted calcite, including standard stable isotope composition and clumped isotope geothermometry. These isotopic techniques allow the determination of different types of formational fluids and crystallization temperatures, and are a useful tool for studying carbonation processes in hyperextended basins. Fieldwork and analytical studies lead us to conclude that during the opening of the Bay of Biscay, mantle rocks were unroofed at the base of the sedimentary pile of the eastern Basque-Cantabrian Basin. However, the ophicalcite veins were recrystallized from meteoric fluids at low temperatures (498C). The primary carbonate phase may have been formed either during the mid-Cretaceous unroofing of the mantle or in a post-exhumation stage. The process of mantle exhumation was accompanied with HT-LP metamorphism and fluid circulation along major faults that reset the marine isotopic signature in the nearest marbles. For comparison, ophicalcites from Urdach and Lherz (North-Pyrenean Zone) were included in the clumped isotope study. Results show that they were recrystallized from hot (200-2308C), saline fluids, and from meteoric fluids at near ambient temperatures (32-428C), respectively.
Introduction
During the opening of the Bay of Biscay in the Cretaceous, extreme crustal thinning led to local mantle exhumation in several places along the Pyrenean realm. The crustal stretching promoted a High Temperature-Low Pressure (HT-LP) metamorphism in numerous parts of the North Pyrenean Zone (NPZ) [Golberg and Leyreloup, 1990] and in the eastern Basque-Cantabrian Basin. The highest metamorphic temperatures are measured close to the mantle exposures in the Central and Western NPZ [e.g., Clerc and Lagabrielle, 2014; Clerc et al., 2015] . Evidence of mantle exhumation is the presence of fragments of peridotites embedded in the Albian-Cenomanian breccias of several North-Pyrenean basins and the development of ophicalcites in the upper part of the peridotite bodies [e.g., Lagabrielle and Bodinier, 2008; Jammes et al., 2009; Lagabrielle et al., 2010; Clerc et al., 2013] .
''Ophicalcite'' is the present-day form of the term ''ophicalce,'' introduced by Brongniart [1813] to designate a m elange rock basically made up of carbonate with serpentine, talc or chlorite. It is, therefore, a descriptive term of carbonates developed in relation to ultramafic rocks and it does not strictly refer to any particular genetic process. Bonney [1879] discovered ophicalcites in the Ligurian Alps and then, ophicalcites were described in many ophiolitic sequences [Barbieri et al., 1979; Lemoine et al., 1987; Lavoie, 1997] . Ophicalcites form in a wide range of geological settings by low-temperature alteration of serpentinites in the presence of fluids. These fluids may be either uprising hydrothermal fluids or percolating marine or meteoric waters. The tectonic settings where these carbonation processes are observed in situ include slow spreading ridges and oceanic transform faults [M evel, 2003; Kelley et al., 2005] , ocean-continent transition zones in passive margins [Agrinier et al., 1988; Milliken and Morgan, 1996; Schwarzenbach et al., 2013] or even modern alteration at ambient temperatures in outcropping peridotites [Kelemen and Matter, 2008; Streit et al., 2012] . In these settings, exhumed mantle rocks are thermodynamically unstable. Olivine and pyroxenes react then with fluids to form a variety of hydrous minerals such as serpentine, brucite, and talc. Pyroxene reacts faster than olivine at temperatures above 2508C releasing Ca, Si and H 2 [Bach et al., 2004] . The serpentinization process generates high-pH fluids, rich in methane, which enhances the precipitation of carbonates [Trommsdorff et al., 1980; Kelley et al., 2005] . This carbonation process has been postulated as a promising way to store CO 2 , by pumping it into weathering peridotites and promoting the precipitation of calcite [Kelemen and Matter, 2008] . The presence of fossil ophicalcites found in the Alps, the Apennines, and the Pyrenees, among other mountain chains, led to the interpretation that they were the result of hydrothermal alteration of serpentinized peridotites. For example, Lemoine et al. [1987] suggested that ophicalcites in the Apenninic and Alpine ophiolites developed on seafloor exposures of exhumed mantle. For the Totalp ophicalcites in the Swiss Alps, Bernoulli and Weissert [1985] proposed a tectonic fragmentation of oceanic basement rocks in a transform margin along the northern edge of the Apulian microplate before the onset of the Alpine orogeny, with infiltration of fluids and/or diagenetic sediments into the open voids. Barbieri et al. [1979] studying the carbon, oxygen, and strontium isotopic compositions of ophicalcites from the NorthCentral Apennines, suggest that the carbonate cement had a marine origin, and might have formed in a context similar to that of the Mid-Atlantic Ridge. Fr€ uh-Green et al. [1990] , based on petrography and stable isotope data in Alpine ophicalcites, interpret the carbonate microstructures as evidence for early seafloor fragmentation, cementation and fluid activity in the Jurassic Tethys. Hence, the originally descriptive term ''ophicalcite'' is commonly associated at present to a particular genetic process that takes place at or very near to the seafloor.
Among the more than 40 lherzolitic bodies disseminated all along the Pyrenean chain [Monchoux, 1970; Fabriès et al., 1998 ], ophicalcites are restricted to a few outcrops [Lagabrielle and Bodinier, 2008; Jammes et al., 2009; Clerc et al., 2013] . The westernmost outcrop of peridotitic rocks along the Pyrenean-Cantabrian mountain belt is located in Ziga (Navarre, Spain). It was first documented by Lamare [1936] , who interpreted it as a tectonic slice of high-grade rocks cropping out along the Leiza Fault (''Nappe des Marbres''). These rocks were later studied by Walgenwitz [1976] and Mendia and Gil Ibarguchi [1991] , but the present contribution is the first one focused on the ophicalcites themselves instead of on the peridotitic parent bodies.
Our main goal was to recognize the tectonic environments in which the Pyrenean mantle rocks were altered to form ophicalcites and the link between mantle unroofing and metamorphism in the surrounding units. In this work we present a petrographic and isotopic study of some metamorphic rocks belonging to the Marble Unit together with peridotite-hosted calcite veins from Ziga. The isotopic study includes the determination of stable carbon and oxygen compositions and the use of the clumped isotope technique, which adds key information about the type of fluids involved in the carbonation process and the temperature of carbonate (re)crystallization. Clumped isotope thermometry has been recently applied to the study of ophicalcites in Oman [Streit et al., 2012; Falk et al., 2016] and in the Iberia Abyssal Plain [Klein et al., 2015] , but to our knowledge, this is the first time it is applied to ''alpine-type'' ophicalcites in orogenic lherzolites. For comparison, we applied this technique also to ophicalcite samples from the Urdach and Lherz massifs, located in the western and central North Pyrenean Zone, respectively, both of them showing evidence of sedimentary reworking at the seafloor.
We aimed to use all this information to add constraints on the tectonic evolution of the eastern BasqueCantabrian Basin during the mid-Cretaceous. Comparison of results from Ziga, Urdach, and Lherz might enlighten possible variations in the style of Mesozoic extensional tectonics affecting the North-Iberian realm before the onset of the Alpine orogeny.
General Tectonic Setting
The Pyrenean-Cantabrian mountain chain extends along the Northern border of the Iberian Peninsula for about 1000 km in an E-W direction. It is the result of the convergence between Iberia and Eurasia from Late Cretaceous to Miocene, in the context of the Alpine orogeny [Choukroune, 1976; Srivastava et al., 1990; Muñoz, 1992; Verg es et al., 1995; Rosenbaum et al., 2002; among others] . The Alpine convergence along the northern border of Iberia resulted in continent-continent collision in the east (the Pyrenees) and shortening Geochemistry, Geophysics, Geosystems
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and uplift of the former Mesozoic margin in the west, forming a coastal range (the Cantabrian Mountains). Previously, this area was affected by lithospheric extension during most of the Mesozoic. This episode gave rise to hyperextended rift basins with local mantle exhumation in the future Pyrenean domain, and to the opening of the Bay of Biscay to the west, in the Cantabrian domain, in relation to rifting in the NorthAtlantic Ocean [Lagabrielle and Bodinier, 2008; Jammes et al., 2009 Jammes et al., , 2010 Tugend et al., 2014 Tugend et al., , 2015 Pedreira et al., 2015] .
A geological map of the central-western Pyrenees is shown in Figure 1 , with the location of the three studied peridotite outcrops. The Pyrenean core is represented by a band of Paleozoic basement rocks affected by mainly south-vergent Alpine structures, namely the Axial Zone, and by the disconnected outcrops to the west, forming the Basque Massifs. Mesozoic and Cenozoic sedimentary rocks affected by folding and thrusting with general opposite vergences, form the Northern and Southern Pyrenean Zones (NPZ and SPZ). The NPZ is locally separated from the Axial Zone by the North-Pyrenean Fault, a deep structure that disappears toward the west of the chain and that has a controversial origin and significance [Hall and Johnson, 1986; Can erot et al., 2004] . The NPZ is a narrow band of thrust and folded sheets of mainly Mesozoic rocks, commonly detached on top of the evaporitic materials of the Triassic Keuper facies. Paleozoic basement rocks are locally exposed forming the North Pyrenean Massifs. In the NPZ, a thin band of rocks immediately north of the North-Pyrenean Fault, underwent HT-LP metamorphism during the mid to Upper Cretaceous, from 110 to 90 Ma [Albarède and Michard-Vitrac, 1978; Montigny et al., 1986; Golberg and Leyreloup, 1990; Clerc et al., 2015] . The NPZ contains the Urdach and Lherz peridotites. Urdach is located in the western termination of the northernmost thrust of a system of three thrust-and-fold units, the Chaînons B earnais, while Lherz is located in the Aulus basin, between the Axial Zone and the North Pyrenean Massifs. Toward the north, the North-Pyrenean Zone is thrusted over the Cenozoic sediments of the Aquitaine foreland basin, and is partially covered with postorogenic deposits. The south-verging Mesozoic-Cenozoic foldand-thrust belt (South-Pyrenean Zone) is much wider and overlies the Ebro foreland basin.
Toward the western edge of the Pyrenees, the Pamplona transfer fault introduces a significant change in the structure of the orogen [Larrasoaña et al., 2003a; Pedreira et al., 2003 Pedreira et al., , 2007 Roca et al., 2011] . It is a major but quite diffuse accident overlined by the NNE-SSW alignment of Triassic (Keuper) salt diapirs. The origin of the Pamplona fault is thought to be related to a fracture network developed within the European basement during the latest stages of the Variscan orogeny, in the Late Carboniferous [e.g., Mattauer, 1968] . It had an important role in controlling the Cretaceous sedimentation, and constitutes the eastern limit of the Figure 1 . Simplified geological map of the western and central Pyrenees with location of the studied outcrops (after Alvaro et al. [1994] ). Squares show the location of detailed maps depicted in Figures 2a, 3a , and 3d.
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Basque-Cantabrian Basin, presently inverted and incorporated into the Pyrenean-Cantabrian belt. Partitioning of deformation also occurred during the tectonic inversion at a crustal scale, and structures with opposing vergences can be observed on both sides along part of its trace. West of this structure, the E-W trending Leiza Fault (Figure 1 ) represents another deep structure with an associated band of HT-LP metamorphism, in this case to the south of the fault trace; namely the ''Nappe des Marbres'' or ''Marble Unit'' [Lamare, 1936] . This fault was a normal fault or extensional detachment during the Mesozoic, later inverted as a north-verging thrust during the Alpine contractional deformation. Several high-grade rocks such as granulites and migmatites crop out along the trace of the Leiza Fault, including the peridotites of Ziga at the junction with the Pamplona Fault [Mendia and Gil Ibarguchi, 1991] , which form small outcrops (less than 10 m 3 in total volume).
3. Geochemistry, Geophysics, Geosystems
least partly pre-Turonian and possibly late Cenomanian [Mathey et al., 1999; Iriarte, 2004] . Associated with the metamorphism, a hydrothermal event also produced recrystallizations in the Albian to Upper TuronianConiacian materials of the Central Depression [Iriarte, 2004] .
The trace of the Leiza fault is marked by a series of outcropping slices of mid-lower crustal rocks, the mantle rocks being restricted to the junction between the Leiza and Pamplona faults, near the village of Ziga (Navarre, Spain) [Mendia and Gil Ibarguchi, 1991] . These mantle rocks show up as exotic, metric-size blocks of serpentinized lherzolites embedded in a clayey-gypsum matrix, together with other blocks of acid and basic granulites, marbles, subvolcanic basic rocks (''ophites''), and Buntsandstein-facies Triassic sandstones [DeFelipe et al., 2012a [DeFelipe et al., , 2012b . This complex unit, with unfavorable exposure conditions, was referred to as '' Ecaille de Ciga'' (Ciga -or Ziga-slice) by Walgenwitz [1976] . We prefer the more descriptive term of ''Ziga m elange.'' This m elange is approximately 100 m wide and 350 m long, and it is elongated in the direction of the Pamplona Fault (Figure 2b ). The matrix of this m elange is rich in clay minerals, gypsum, carbonates, quartz, and muscovite. Comparable mineralogy is found in several Keuper facies evaporitic diapirs cropping out along the Pamplona Fault, like the Estella diapir (located in the junction with the E-W trending South Pyrenean Frontal Thrust), which also contains blocks of basic and acid igneous rocks, gneisses and marbles [Pflug, 1973] .
Urdach and Lherz Ophicalcites
The ophicalcites sampled in this work for the isotopic comparison with the Ziga ones, belong to the Col d'Urdach massif and the Etang de Lherz massif.
The Urdach outcrop is located in the easternmost margin of the Maul eon basin (French Western Pyrenees) and was first described by Monchoux [1970] , who named it as Urdach-Les Pernes massif. The peridotitic bodies crop out at several points along the Chaînons B earnais unit, formed by a succession of three E-W trending parallel thrust sheets over a lubricating sole of late Triassic salts and clays and exposing the Mesozoic carbonates [Can erot and Delavaux, 1986] . The Urdach peridotitic body (Figure 3b) , is a 1.5 km wide Geochemistry, Geophysics, Geosystems
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peridotite slice located at the western end of the northernmost thrust sheet, the Mail Arrouy. The outcrop is formed by highly serpentinized lherzolites capped locally by an important development of calcite veins with typical ophicalcite texture [Jammes et al., 2009] (Figure 3c ). It is overlain by a large volume of Upper Albian-Cenomanian sedimentary breccias composed of fragments of dominant Paleozoic basement and highly serpentinized peridotite, the so-called ''Urdach breccias'' [Casteras, 1970; Souquet et al., 1985] Figure 3f ) and corresponds to their ''Type 4'' breccias.
Clerc et al.
[2013] present a petrographical and geochemical study of several Pyrenean ophicalcites, including samples form Urdach and Lherz. Based on their oxygen and carbon stable isotopic signatures, these authors conclude that the Pyrenean ophicalcites may be the product of three different processes: (i) deep and hot hydrothermal activity; (ii) tectonic fracturing and cooler hydrothermal activity; and (iii) sedimentary processes leading to cogenetic associations of calcite veins with polymictic breccias after exposure of subcontinental mantle to the floor of the basins. According to that study, the Urdach ophicalcites belong to the second type, whereas the Lherz ophicalcites belong to the third one.
Study Techniques, Sample Selection, and Methods
A mineralogical study combining X-Ray diffraction (XRD), petrographic microscopy, cathodoluminescence (CL), SEM, and stable isotope geochemistry of the main carbonate rocks has been carried out in order to establish their mineralogy, patterns of alteration, and different crystallization phases. XRD was used to distinguish varieties of serpentine in the peridotites and the mineralogy of the Ziga m elange matrix. A total of 56 stable isotope analyses in carbonates were carried out in the facilities of the Universities of Oviedo Barcelona, and the Stable Isotope Laboratory of the Swiss Federal Institute of Technology in Z€ urich (ETH). Among these, 15 correspond to carbonate veins of the peridotites from the Ziga m elange, 24 to the carbonate samples cropping out along the Leiza fault, 15 microdrillings to the Urdach ophicalcites, and 2 to the Lherz samples.
In order to obtain the isotopic signatures, each carbonate sample was dissolved in 100% H 3 PO 4 at a constant temperature of 258C to extract the CO 2 gas [McCrea, 1950] , which was analyzed in a mass spectrometer, following the procedure described in Stoll et al. [2015] . Results are expressed using the conventional d 18 O and d
13
C notation with respect to the Pee Dee Belemnite (PDB) standard.
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Clumped isotope analyses were performed following the procedure described by Schmid and Bernasconi [2010] . Sample CO 2 is extracted by reaction of carbonate powder at 708C with 103% phosphoric acid for 180 s and is then frozen with liquid nitrogen for cryogenic purification to be finally released into a Thermo Fisher Scientific Kiel IV mass spectrometer at 308C. O 2 ) is compared to that expected for a stochastic distribution and the difference is denoted as D 47 . The values of D 47 are dependent on the temperature of crystal growth and independent of bulk isotopic composition. This provides the opportunity to determine temperature of precipitation (or recrystallization) and at the same time to calculate the d 18 O of the formational fluid [Grauel, 2012] . In the case of recrystallization, however, we must be aware that the clumped isotope temperatures would reflect the temperature of recrystallization (i.e., a reordering of the clumped isotopes) and therefore some caution is needed when interpreting these temperatures and the values of d 18 O obtained for the fluid. Considering this caveat and the required assumption of thermodynamic equilibrium, clumped isotopes have proved to be highly efficient in preserving the information of successive crystallization events even after heating the samples at 100-1158C for 10 6 210 8 yr time scales [Henkes et al., 2014] . This means that we can potentially keep the record of the prediagenetic/diagenetic processes or fault cementation history, preserved even within the same specimen [e.g., Huntington et al., 2011; Loyd et al., 2012; Swanson et al., 2012] .
Description of the Samples
Field and Macroscopic Aspects 5.1.1. Ziga M elange
The Ziga m elange forms a poorly defined unit made up of a few outcrops due to the dense vegetation cover in the area. The matrix is formed by a white-yellowish crumbling mass of mainly fine-grained gypsum and phyllosilicates with idiomorphic and millimetric to centimetric crystals of pyrite disseminated throughout. Within this matrix, millimetric to metric fragments of different types of rocks are found, including Triassic sandstones, marbles, acid and basic granulites, and peridotites. A photograph of the Ziga m elange containing one of the largests blocks of marble is depicted in Figure 4a , and details of the matrix and marble are shown in Figures 4b and 4c , respectively.
Ziga lherzolites form up to meter-sized outcrops within the gypsum matrix. Within the peridotite, numerous veins and veinlets give these rocks a brecciated aspect. In these samples, two types of carbonate texture have been identified: veins of calcite in rather massive blocks of serpentinized lherzolites (hereafter referred to simply as ''ophicalcites'', Figures 4d and 4e) and veins in more brecciated samples of serpentinized lherzolites (hereafter referred to as ''ophicalcite breccias,'' Figure 4f ). The ophicalcites are formed by millimetric veins of white calcite that develop over a greenish mass of serpentinite and ferromagnesian minerals. The ophicalcite breccia has a crumbly aspect of serpentinite fragments, remnants of the primary lherzolite mineralogy as well as veins and patches of calcite. These two types of calcite veins have not been identified either in the matrix or in the rest of the blocks.
Marble Unit and Central Depression
The Marble Unit comprises a wide variety of pre and syn-rift sedimentary rocks. Outcropping lithologiesithologies are Lower Jurassic limestone breccias, Jurassic to Lower Cretaceous limestones and midCretaceous silt and sandstone. These lithologies are metamorphosed close to the Leiza fault. The metamorphic imprint is almost negligible in the western part of the Marble Unit, it reaches its maximum in the central-eastern part and diminishes toward the eastern termination [Mart ınez-Torres, 2008] . Figure 4g depicts sample MM34 which is a Lower Cretaceous breccia marble made up of heterometric, monogenic and subrounded millimetric and centimetric-size carbonate clasts in a fine-grained matrix.
The Central Depression is mainly composed of Cretaceous sedimentary rocks, namely mid-Cretaceous limestones and sandstones, and typical Upper Cretaceous flysch facies [Iriarte, 2004; Bodego et al., 2015] . Lower Albian to Upper Turonian limestones and sandstones present signs of hydrothermalism such as growth of authigenic quartz crystals, calcite fracture-sealing and matrix neomorphism. Iriarte [2004] and Iriarte et al.
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10.1002/2016GC006690 [2011] argue that the hydrothermalism is concentrated mainly in two events: in the Upper Albian and the Upper Turonian. This conclusion is based on stratigraphic and petrographic observations and fluid inclusion analyses in authigenic minerals of Lower Albian to Upper Turonian rocks from the Central Depression.
Urdach and Lherz Ophicalcites
Urdach ophicalcites are fundamentally made up of millimetric to decimetric veins of calcite filling up fractures within the peridotitic rocks. Figure 3c depicts an Urdach ophicalcite sample with abundant veins filling fractures with constant, repeated orientations. Several families of veins can be distinguished, with a first phase forming the thickest veins by coalescence of numerous veinlets (OFC-C3 in Figure 3c ); a later family with white-grayish calcite (OFC-C4 in Figure 3c ) and a final one, crosscutting the previous groups with Geochemistry, Geophysics, Geosystems
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thinner and more disperse veins. Microdrilling was performed in the first family of veins (12 drillings) and in the second one (3 drillings).
Lherz ophicalcites, collected in the Etang de Lherz area, correspond to the ''Type 4'' breccias described by Lagabrielle and Bodinier [2008] . Clear white calcite with sparitic texture forms veins that fill fractures within the peridotite, giving it a brecciated texture. The micrite texture is described by Clerc et al. [2013] as a matrix-supported microbreccia as it includes heterometric and angular fragments of serpentinite and remnants of the primary mineralogy (Figure 3f ). Two microdrillings were carried out, one on each calcite texture (LZ1 for the sparite and LZ2 for the micrite).
Microscopic Description 5.2.1. Ziga M elange
The Ziga m elange matrix shows a fine-grained mass of gypsum, quartz, carbonates, and phyllosilicates ( Figure 5a ): kaolinite, montmorillonite, muscovite, and clinochlore. In addition, XRD analysis in one of the four samples analyzed pointed to the presence of enstatite and sanidine.
Sample MR1 is the marble collected in a metric-size block within the Ziga m elange (Figure 5b ). It is mostly made up of calcite and dolomite in rounded and equidimensional crystals with abundant inclusions. Within the carbonate matrix, idiomorphic crystals of phyllosilicates are common. In addition, the matrix contains crystals of pyrite up to a few centimeters in size.
The ultramafic rocks in Ziga were originally lherzolites made of primary enstatite and diopside, forsterite-rich olivine, spinel, and minor amphibole. These rocks appear highly serpentinized (up to 80%), with secondary chrysotile and antigorite. Carbonation overprints serpentinite as veins mostly made of calcite with minor aragonite and micritic patches. In one sample, ankerite was detected in XRD analysis. Under the microscope, vein-filling shows a mosaic texture with inequigranular and nonsystematically oriented crystals. CL images show an important recrystallization event that has preserved the original geochemistry but not the mineralogy (Figures 5c and 5d) . SEM images show a previous mineralogy within the calcite veins as relicts of radial crystals of aragonite with significant amounts of Sr (up to 2.07% in weight) (Figure 5e ). The ophicalcite breccia of Ziga is presented in Figure 5f . It is formed of angular, inequigranular fragments of serpentine and remnants of the previous mineralogy embedded in a carbonate matrix of sparry calcite. XRD analysis points to the presence of chrysotile as the variety of serpentine, as well as montmorillonite, a typical mineral of the m elange matrix. Carbonate veinlets as well as patch-filling voids have been identified in some samples. Veins of calcite show the same mosaic texture of sparry calcite crystals than the Ziga ophicalcite.
Marble Unit
Carbonates from the Marble Unit contain minor phyllosilicates (biotite, muscovite, phlogopite, and chlorite) and occasionally porphyroblasts of scapolite, vesuvianite, tremolite, and other amphiboles. Llanos [1983] also describes the presence of up to 5% in volume of talc in several marbles. Marble textures recognized in this area vary from a nematoblastic with planar oriented grains of calcite, to porphyroblastic with growth of synkinematic crystals of tremolite or vesuvianite and strain shadows ( Figure 5g ) and to granoblastic with equidimensional grains and triple junctions.
In thin section, clasts of the marble breccia (MM34) contain fine-grained equigranular and equidimensional carbonate crystals with very diffuse borders. The matrix has the same mineralogy with similar equigranular clasts of carbonate coexisting with finely grained recrystallized calcite (Figure 5h ).
North-Pyrenean Ophicalcites
The Urdach peridotite is a lherzolite that is up to 80% serpentinized [Fabriès et al., 1998] , with medium and low-temperature serpentine varieties: chrysotile and lizardite. Carbonate veins are locally intensely developed with local growth of microcrystals of pyrite. CL images show a variable grade of replacement depending on the type of vein. The largest, corresponding to the first two generations of veins, are highly recrystallized, commonly showing an alignment of inclusions that define the borders of previous minerals. A general trend of symmetrical crystal growth towards the center of the vein is recognized (Figures 6a and 6b ). Later and smaller veins are less replaced. Replacement textures of serpentine by calcite and crosscutting relationships between different generations of veins are clearly recognized by SEM (Figure 6c) . Clerc et al. [2013] also describe the crack-seal pattern of the calcite veins and their recrystallization.
The Lherz ophicalcites develop over highly serpentinized lherzolites originally composed of olivine, enstatite, diopside, and Cr-spinel. These rocks show significant growth of carbonate phases grouped in two main Geochemistry, Geophysics, Geosystems Geochemistry, Geophysics, Geosystems
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textures: micrite and sparite (Figure 6d ). The micrite is the matrix of a microbreccia previously defined by Clerc et al. [2013] , embedding fragments of carbonate minerals, serpentinite and also fresh ultramafic clasts, which gives the breccia a dusty aspect. In addition, sparite fills voids and fractures as subidiomorphic crystals showing crack-seal geometries with symmetrical growths and generally crosscutting the microbreccia phase. Under the petrographic microscope, calcite is seen as clearly recrystallized with calcite dogtooth ghosts of previous minerals as alignment of inclusions, and bigger equigranular neoformed minerals (Figures 6e and 6f) . Clerc et al. [2013] also recognized this recrystallization under a cathodoluminescence microscope, mainly in the sparitic texture. Geochemistry, Geophysics, Geosystems (Figures 7a and 7b ). Temperatures deduced from clumped isotopes are low: less than 108C for the ophicalcites and around 508C for the ophicalcite breccia (this last sample has a large standard error of 37.38C). The oxygen isotopic signature of the fluid from which the calcite precipitated is around 212& for the ophicalcite and close to 22& for the breccia (Figure 7c) O from 27.6 to 25.7&, which are also consistent with our measurements (Figure 7a ).
Isotopic Results
Values of
Finally, also included in Figure 7a are the values for the Moncaup ophicalcite (sample MP84), in the Central Pyrenees, from Clerc et al. [2013] , to highlight the similarity of their isotopic values to those of the Ziga breccia. It is worth noting that the Moncaup ultramafic body is capped by an extensional detachment with Jurassic marbles on top, and that slices of crystalline basement rocks and Keuper breccias are also observed along the complex contact zone [Lagabrielle et al., 2010] . [Shackleton and Kennett, 1975] , temperatures calculated would be 298C and 41-438C, respectively. The clumped isotopes in this case suggest that the calcite in the ophicalcite samples grew at even lower temperatures (Table 1) and precipitated from meteoric fluids, while the breccia records hotter but less well constrained temperatures: 49 6 378C. Even considering that the D 47 -T calibration may not be very accurate for the low-T range of the ophicalcite samples, it is clear that the resulting temperature is unexpectedly low. Although an analytical artifact or sample contamination cannot be completely discarded, the two ophicalcite samples show similar results with small standard errors (1.1 and 1.58C) for 8 and 10 replicates. In any case, slightly hotter temperatures for these samples, such as those recorded for the breccia, would not significantly change our interpretation of the tectonic setting.
Geochemistry, Geophysics, Geosystems
Potential sources of light carbon isotopic signatures could be: (i) magmatic CO 2 from the widespread Cretaceous magmatism in the Basque Cantabrian Region [Rossy, 1988; Castañares et al., 2001] . Although specific outcrops are lacking in the Marble Unit, this magmatism intruded into the Albian to Santonian materials from the Basque Arc [e.g., Carracedo et al., 1999] ; (ii) oxidation of methane released during serpentinization [e.g., Shanks et al., 1995] or (iii) oxidation of organic matter in the sediments or soils [e.g., Peter and Shanks, 1992; Eickmann et al., 2009] . Meteoric fluids may wash the organic matter present in soils and/or the organic rich sediments of the late Albian terrigenous flysch (Mariako Gaina Formation) [Bodego et al., 2015] .
Slightly negative d 13 C values are commonly associated with meteoric fluids at the surface, but to achieve the low values found in Ziga, the meteoric fluid might have interacted with oxidized organic matter contained in soils and vegetation [Keith and Weber, 1964; Clerc et al., 2013] . For example, Swanson et al. [2012] reported d 13 C values as low as 28& in carbonates precipitated from meteoric fluids in the Mormon Peak Detachment of the Basin and Range (Nevada), which they relate to oxidation of soil organic matter. Quesnel et al. [2013] obtained similar carbon isotopic signatures (216.7& < d 13 C < 28.5&) in magnesite veins in the New Caledonian peridotite massif. Based on the isotopic results and comparing them with several magnesite veins hosted by ultramafic rocks, they conclude that these ophicalcites were formed from meteoric waters with an organic carbon contribution either from surface soil or from a deep-seated source for those samples with d 13 C around 215&. They estimate temperatures of 38-778C based on the fractionation factor of magnesite and water. [2013] for a microconglomerate and for micrite filling up veins and cavities in the altered and dislocated peridotite observed along the detachment zone capping the Moncaup peridotites. These authors interpret them as low-temperature ophicalcites with an influence of organic material, but they do not specify whether the formation was contemporaneous with the early Cretaceous exhumation stage or was the result of a later karstification and/or replacement of pre-existing ophicalcites. In any case, the Moncaup ophicalcites do not reflect seafloor exposure of an ultramafic basement, and accordingly, sedimentary breccias with ultramafic and crustal components are not observed.
Very low d
13 C values in carbonates could also be explained by a carbonation process driven by CO 2 uptake by hyperalkaline solutions derived from hydrating peridotite in surface conditions. In the Oman ophiolite, Falk et al. [2016] characterized recent peridotite-hosted travertines which gave values of d [2012] also studying the Oman ophiolite, estimated a range of temperatures for the carbonate samples between 15 and 508C and detected oxygen isotopic signatures similar to those of the groundwater and alkaline spring waters in peridotite catchments. However, calling for this type of process to explain the Ziga veins implies that they were formed once the wrenched peridotite blocks were already at the surface, Geochemistry, Geophysics, Geosystems
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included in the m elange, and as we mention before, we could not find evidence of ophicalcite-like veins outside the peridotite blocks. Moreover, the volume of mapped peridotites in Ziga is not sufficiently significant (<10 m 3 ), and typical travertine textures such as ''surface films'' at the surface of the springs or ''bottom floc'' as unconsolidated carbonate lining in the spring pools, as described by Falk et al. [2016] are not identified in the Ziga m elange.
As can be seen from petrography, CL and SEM images, all veins and veinlets are recrystallized (Figures 5c-5f ) from a previous carbonate phase. Several authors have identified recrystallization of carbonates at low temperatures. For example, Machel et al. [1996] , studying several phases of carbonate cementation and recrystallization in the Western Canada Sedimentary Basin, estimated recrystallization temperatures at 13-158C [based on O'Neil et al., 1969] . Very recent studies of clumped isotopes applied to the study of fluids in faults have also found temperatures as low as 13-248C in carbonates precipitated from meteoric waters [Swanson et al., 2012; Bergman et al., 2013; Sumner et al., 2015] . These studies have demonstrated that highly permeable zones, especially at the intersection of faults (as in this case the intersection between the Leiza and Pamplona faults) allow the rapid percolation of meteoric fluids and the precipitation of low-T carbonates before the fluid is heated at depth [Bergman et al., 2013] . Sumner et al. [2015] even reported a carbonate precipitated at 198C at 800 m depth in a well, close to a fault that allowed rapid infiltration of meteoric waters.
Clumped isotope temperatures for the Ziga ophicalcites may point as well to a colder past climate. A climate shift in the Pyrenees occurred from the late Pliocene [e.g., Babault et al., 2005] and Fauquette et al.
[2007] estimated a mean annual temperature of 8-128C in north-central Spain for the Mid-Pliocene based on pollen analysis. In any case, our data set lacks the necessary resolution to link recrystallization with specific past periods based on their average temperatures.
According to the above discussion, three hypotheses can be envisaged for the formation of the carbonate veins in Ziga: (i) they are typical ophicalcites formed at the seafloor due to complete mantle exhumation during the Cretaceous, but their isotopic composition changed due to cold meteoric fluids circulation that interacted with the organic matter present in soils and/or basin sediments, replacing the previous carbonate minerals; (ii) they are veins formed during the Late Cretaceous in serpentinized mantle rocks unroofed by the Leiza detachment but still covered by the Mesozoic sediments. Their isotopic composition must have changed for the same reasons explained in (i); and (iii) they are the postexhumation crystallization product of meteoric fluids that interacted with organic matter present in soils and sediments in different pulses. Since there is no single evidence of peridotite exposure to the seafloor (e.g., presence of sedimentary breccias with peridotite clasts, or veins with relict isotopic composition reflecting precipitation from seawater), we dismiss the first hypothesis. As the calcite veins seem to be concentrated inside the peridotite blocks within the m elange, we favor the second hypothesis. In this setting, the altered ultramafic rocks were progressively crunched in the Leiza detachment beneath the pre-rift cover and incorporated to the tectonic m elange developed in the Keuper evaporites. The presence of relicts of aragonite also makes the third hypothesis less plausible.
Precipitation of acicular aragonite could take place in a shallow marine environment [e.g., Grotzinger and Reed, 1983] or be related to warm waters with high salinity and high carbonate concentration [Folk, 1974] . Hence, aragonite may have crystallized in a first step during the extensional period, in a deep environment, with high salinity due to the presence of the Triassic salt above the detachment. Subsequently, during or after the tectonic inversion stage, meteoric fluids may have percolated downward, interacting with the organic matter-rich soils and/or sediments present in the area, producing the recrystallization of the previous carbonate mineralogy, resetting the d 18 O and the d 13 C.
Marble Unit and Central Depression
Most of the samples belonging to the Marble Unit and the Central Depression, give values close to the original signature of Mesozoic marine limestones [Keith and Weber, 1964] [ Shackleton and Kennett, 1975] , temperatures estimated would be between 44 and 708C for group A and 288C for group B. Clumped isotopes data, however, point to much higher temperatures for the final crystallization event in both groups (200-2308C) . Considering that the mantle rocks displaying these ophicalcites were exhumed to the seafloor in the Albian-Cenomanian, those temperatures could only have been reached either before total exhumation, or by diagenesis after the extensional exhumation to the seafloor and before the tectonic inversion, when the ophicalcites were buried by the Late Cretaceous stratigraphic column. It is worth noting that two measurements of Raman Spectroscopy in the Cenomanian sediments immediately adjacent to the peridotite body, yielded virtually identical temperatures: 215 and 2338C [Clerc, 2013] . This observation strongly suggests that the ophicalcites were recrystallized during the Upper Cretaceous, under the same sedimentary burial that affected the overlying Cenomanian sediments. The Cretaceous stratigraphic column in the Mail Arrouy basin plus some influence of hydrothermal fluid circulation can easily explain those temperatures at the base of the basin. In this tectonic scenario, significant fluid circulation (either basinal or metamorphic fluids) is expected along the ''damage zone'' represented by the extensional detachment that exhumed the mantle and was covered by the Late Cretaceous sediments.
In such an open-system environment, the clumped isotope results suggest that the composition of the parent fluid was a saline or metamorphic type of fluid rather than seawater. This is not particularly surprising, considering that the extensional detachment responsible for the exhumation of the Urdach peridotites was to a great extent initiated in a decoupling horizon represented by a thick Triassic evaporite layer, widely accumulated at the base of the Maul eon basin [Jammes et al., 2009 [Jammes et al., , 2010 Corre et al., 2016] . According to these authors, the late Aptian to early Albian basin was floored directly by the exhumed mantle and lower crustal rocks. Since there is clear evidence of submarine sedimentary reworking of the exhumed mantle, we can expect the formation of ''typical'' ophicalcites at or very near the seafloor. But unless concentrated in spots of high hydrothermal activity (Mid-Atlantic Ridge hydrothermal fields) [e.g., Andreani et al., 2014] , ''typical'' ophicalcites formed over exposures of mantle rocks directly at the seafloor are expected to reflect signatures of colder and less saline fluids (i.e., typical marine waters), Geochemistry, Geophysics, Geosystems
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such as those from the Iberian margin [Agrinier et al., 1988; Schwarzenbach et al., 2013; Klein et al., 2015] or from the Mid-Atlantic Ridge [Kelley et al., 2005] . Since those signatures are not observed in our samples, we consider that the primary ophicalcites were buried by the Upper Cretaceous sediments and recrystallized under a hot geothermal gradient. The fluids responsible for the recrystallization were most probably marine waters, infiltrated through faults, circulating through the Upper Cretaceous sediments, heated up progressively and becoming more saline by interaction with the Keuper evaporites that remained as tectonic lenses directly above the extensional detachment, before finally reaching the serpentinized mantle. According to this scenario, the episode of vein recrystallization recorded by the clumped isotopes would be produced in a relatively deep and warm environment at the base of the basin, rather than at the seafloor. Clerc et al. [2013] show that the signature of these veins are not significantly different from those of the other types around the main peridotite body in Lherz, and they define the whole dataset as sedimentary ophicalcites, formed in association with the bordering breccias. The ophicalcites have slightly high d 18 O when compared to the western Pyrenean ophicalcites, which according to Clerc et al. [2013] , would reflect a warmer temperature and may be related to sedimentary fluids in an endorheic basin. Due to the meteoric nature inferred for the fluid and the temperatures we find for these ophicalcites (at least for the veins in the Type 4 breccias), we find this explanation plausible, although post-tectonic recrystallization at near surface conditions (1-2 km depth) is also highly probable.
Evolutionary Setting for the Eastern Basque-Cantabrian Basin
A conceptual tectonic model for the late Albian is presented in Figure 8 . Related to the opening of the Bay of Biscay, progressive crustal thinning took place in the western-central Pyrenees and eastern BasqueCantabrian Basin and led to local mantle unroofing to the base of the Cretaceous basins, under the pre-rift sedimentary cover [e.g., Lagabrielle et al., 2010; Clerc and Lagabrielle, 2014; Teixell et al., 2016] . In the area studied, that exhumation was facilitated by the Leiza detachment system that put both the mantle and deep crust into contact with the Keuper-facies salts at the base of the basin. During the extensional uprise of the peridotite body, it was progressively serpentinized as the temperature was decreasing. Antigorite, observed in our peridotite samples and commonly found in higher temperature settings such as mantle wedges above subduction planes, is very uncommon in extensional settings [e.g., Guillot et al., 2015] . However, it has been previously described in the western Pyrenees, in the Chaînons B earnais (Saraill e), in locations with considerable deformation [Ferreira et al., 2014] . The local existence of this variety may probably be due to the emplacement of the mantle underneath the detachment fault in relation to a shear zone [Evans, 2004] .
The mantle uplift induced a thermal anomaly in the basin that gave rise to the metamorphism of the Marble Unit, the widespread occurrence of hydrothermalism in the Central Depression [Iriarte, 2004] , and a significant remagnetization event. Larrasoaña et al. [2003b] describe a remagnetization event in the red beds of the Triassic Buntsandstein facies in the Cinco Villas and Alduides massifs at 300-6508C, which they link to fluid circulation during the Cretaceous (pre-Turonian). Hydrothermalism has been identified in the Albian to Turonian materials of the Central Depression, where fluid inclusions in fracture-sealing cement and authigenic quartz yield temperatures of less than 1858C and high salinities [Iriarte et al., 2011] .
In the reconstruction proposed in Figure 8 , an evaporitic/tectonic m elange is formed at the detachment, in the shear zone. This m elange should have developed in the salts of the Keuper facies. It cannot be discarded that part of the pre-rift carbonates belonging to the Marble Unit also behaved as a ductile layer at the Geochemistry, Geophysics, Geosystems 10.1002/2016GC006690 maximum temperature of the metamorphism as described by Lagabrielle et al. [2016] for the Aulus basin, Corre et al. [2016] for the Maul eon basin and Vauchez et al. [2013] for the Agly massif. During the extensional period, the detachment was able to tear pieces of the mantle and lower crust as well as pieces of Paleozoic and Triassic materials which are mapped all along the inverted Leiza fault trace [Mendia and Gil Ibarguchi, 1991] .
During the unroofing of the mantle, serpentinization took place as soon as the temperature was low enough (<5008C) and the fluids percolating from the surface reached the peridotites. Infiltration of fluids interacting with the late Albian organic matter-rich sediments, may have promoted the carbonation process in the peridotites under the Mesozoic sedimentary cover. However, we do not keep the isotopic record of these early and relatively hot veins in our dataset. During the alpine inversion of the basin, the Leiza fault acted as a thrust fault uplifting all the Marble Unit over the Central Depression, and carrying slices of basement and Triassic materials to the surface. Since the Ziga m elange was mainly composed of plastic evaporitic materials, it was forced out through the most favorable path, which was the junction between the Leiza and Pamplona faults. Although several diapirs in surrounding basins began to extrude during the Cretaceous [e.g., Iriarte, 2004] , a mid-Eocene apatite-fission-track age in a granulite from the m elange, indicates that the Ziga m elange was extruded during the alpine orogeny (DeFelipe et al., in preparation). We postulate that the last and lowtemperature recrystallization event responsible for the isotopic compositions found in our calcite veins samples, occurred with the peridotite blocks close to or almost at the surface in a meteoric water environment with the contribution of sedimentary or soil organic carbon.
Conclusions
Carbonation in peridotites is a complex process that can take place under many different conditions and is not restricted to seawater alteration of serpentinized peridotites. It deserves further investigation on a case by case basis in order to understand the tectonic framework in which they were formed. The combination of petrographic and mineralogical description, stable and clumped isotope analysis in carbonate rocks, allows mineral characterization and determination of temperatures of recrystallization together with Geochemistry, Geophysics, Geosystems 10.1002/2016GC006690 possible oxygen isotope signature of the fluid. Combination of these techniques and fieldwork constraints in three different types of peridotite-hosted calcite veins yielded three different results: (i) recrystallization from cold meteoric fluids with light carbon derived from organic matter and affecting a primary carbonate phase that can hardly be related to typical ophicalcites formed at the seafloor in the Ziga outcrops; (ii) characterization of ophicalcites formed by mantle exhumation to the seafloor and later recrystallized in a hot and saline environment (Urdach) and (iii) ophicalcites recrystallized from meteoric fluids at relatively low temperature, without significant input from organic matter (Lherz). For the calcite veins in the Ziga peridotite, petrographic and geochemical evidence reflects a previous aragonite phase that was recrystallized by meteoric waters that reacted with organic matter in soils and sediments. The primary carbonate phase may have been formed most probably during the Cretaceous after mantle unroofing to the base of the sedimentary pile of the basin, although a postexhumation formation cannot be completely discarded. Carbonates from the Marble Unit and Central Depression predominantly reflect the original marine signature of the parent limestones (with some depletion for the oxygen signature). However, getting close to the Pamplona fault, both d 13 C and d 18 O values decrease progressively reaching the lowest values in the marble of the Ziga m elange (MR1 sample), which could be interpreted in terms of a more intense fluid circulation around the junction of both faults.
Urdach ophicalcites were probably formed at relatively low temperatures when the mantle was exposed at the sea bottom in the Albian-Cenomanian, although that event was not identified in our dataset. Recrystallization might well have taken place during the Late Cretaceous, under a sedimentary cover and hydrothermal fluid circulation that may favor general temperatures at the base of the sedimentary pile of 200-2308C (recorded by both the ophicalcites and the Cenomanian sediments directly above). Finally, the recrystallization event found in the Lherz ophicalcites took place relatively near the surface, from meteoric fluids at temperatures of 32-428C, either under very shallow diagenetic conditions or in a post-tectonic stage.
The tectonic framework proposed for the eastern border of the Basque-Cantabrian Basin is that of a hyperextended basin where the mantle and lower crust were exhumed at the base of the sedimentary pile of the Cretaceous basin during the stage of maximum extension in the late Albian. The main extensional detachment developed partially along the weak layer represented by the Triassic evaporites, and wrenched fragments from the mantle and the lower crust were embedded into these plastic materials forming the Ziga m elange. According to their way of emplacement, these peridotites would fall into the ''tectonic type'' (T type) of Lagabrielle et al. [2010] , in contrast to the ''sedimented type'' (S type) of the Lherz peridotites. The Mesozoic sediments located on top of the detachment experienced HT-LP metamorphism at this time, forming the Marble Unit. During the alpine orogeny, the Leiza fault was inverted and this movement was able to remobilize the plastic Keuper-facies evaporites with embedded fragments of deep-seated rocks, taking them to the surface. This m elange rose through the most favorable and mechanical weak zone, the junction between the Leiza and Pamplona faults, which was also a favorable conduct for fluid flow. Cold meteoric fluids infiltrated along this conduct, producing the recrystallization of carbonates at temperatures lower than 498C.
The results presented, especially for the Urdach ophicalcites, warn us of the risk of assuming the d
18
O value for the fluid when calculating the precipitation temperatures from the value of d
18 O in carbonates. Clumped isotope thermometry avoids this uncertainty by directly retrieving a measure of the fluid isotopic composition. For these reasons, the combination of these approaches is a very useful tool for understanding carbonation processes in hyperextended settings such as those investigated in this study. However, a more numerous and systematic sampling in different generation of veins would be necessary in each locality to achieve a more complete picture of the detailed succession of events in each particular case.
